We investigated the fibrovascular ingrowth and fibrovascular tissue maturation of hydroxyapatitecoated, porous alumina sphere (Alumina sphere) in comparison with the hydroxyapatite sphere (HAp sphere) in rabbits. Alumina spheres and HAp spheres were implanted in the left orbits of 42 New Zealand white rabbits after enucleation. Fibrovascular ingrowth and maturation were graded from 1 to 5 at postoperative 1, 2, 3, 4, 8, 12 and 24 weeks. We defined 4 phases: postoperative 1-2 weeks as phase I, 3-4 weeks as phase II, 8-12 weeks as phase III, and 24 weeks as phase IV. The grade was analyzed at each phases. There was no significant difference in fibrovascular ingrowth and maturation between the two groups at all 4 phases, except phase II at which the Alumina sphere showed significantly lower maturation grade (p<0.05). We concluded that the Alumina sphere is an ideal orbital implant material and an ideal substitute for the HAp sphere in clinical practice.
Surgical anophthalmos by enucleation or evisceration due to eyeball rupture, absolute glaucoma, phthisis bulbi, or perforated corneal ulcer can bring out cosmetic and functional problems such as palpebral fissure asymmetry, enophthalmos, and prosthetic movement disorder. These patients can have lower quality of life and also difficulties in interpersonal relationships. In 1885, Mules first used glass sphere implants in the orbital cavity after evisceration, and various orbital implants such as tantalum, cartilage, bone, polyethylene, silicone, and dermal fat have been applicated. 1 However, several problems such as infection, exposure, displacement of orbital implants, ptosis, enophthalmos, superior sulcus deformity and especially unsatisfactory motility of the prosthesis can occur.
Porous orbital implants have advantages of excellent motility and biocompatibility, low incidence of exposure, displacement and foreign body reaction. Fibrovascular ingrowth of the implant offers excellent movement and prevents infection, exposure and displacement. Recently, hydroxyapatite (HAp) is the most commonly used orbital implant material. HAp, hydrothermally synthesized sea coral, has multiple pores of 500 µm diameter which do not produce foreign body reaction in vivo and provide excellent fibrovascular ingrowth. [2] [3] HAp is the most popular orbital implant nowadays, [4] [5] since Perry used HAp in anophthalmic patients. 6 Nevertheless, HAp has several disadvantages such as its gradual resorption over the years, inability to control appropriate pore size for better tissue ingrowth, tendency of exposure from abrasion of the overlying conjunctiva and Tenon's capsule, high cost, and the possible disruption of marine life ecosystems during the harvesting of coral. 7 Alumina is a ceramic material that has been used in orthopedics and dentistry for a variety of prosthetic applications because of its excellent biocompatibility, fracture resistance, and lightweight. The HAp-coated ceramic sphere, invented in Korea as a new orbital implant, provides excellent biocompatibility and improves mechanical intensity. 8 In this study, the HAp-coated alumina sphere was implanted in the orbit of rabbits and fibrovascular ingrowth was examined histopathologically and compared with the HAp sphere. The possibility of clinical application was evaluated.
MATERIALS AND METHODS

Materials of Experiment
Forty-two, female, New Zealand white rabbits averaging 3.7 kg in weight were housed in the animal care service of the School of Medicine, Yeungnam University, Taegu, Korea and were cared for according to the protocols set by the University's Animal Care Committee. After enucleation of the 42 left eyes of the 42 rabbits, the Alumina spheres were implanted in the orbit for the experimental group and the HAp spheres were used for the control group. Five rabbits were assigned to each experimental group to be harvested at 1, 2, 3, 4, 8, 12 and 24 weeks after implantation and one rabbit belonged to each control group to be harvested at corresponding intervals.
Specular Microscopic Examination
To investigate the consistency of the pore size and coated HAp thickness, we inspected one Alumina sphere and one HAp sphere under specular microscope. The pore size and coated thickness of HAp were consistent at 500-600 µm and? the porosity was 90% in the Alumina sphere., compared to 300 µm and 60-70% in the case of the HAp sphere, respectively (Fig. 1) . The pore size of the Alumina sphere was more consistent than that of the HAp sphere.
Procedures of Enucleation with Orbital Implant Insertion
Under anesthesia induced with intramuscular injection of ketamine hydrochloride 1 mg per kg of rabbit, the conjunctiva and Tenon's capsule were incised in circular fashion along the limbus and dissected from the sclera. The four rectus muscles were tagged with 6-0 black silk and detached from its insertion. After the optic nerve was severed, the eyeball was extracted and meticulous hemostasis was done. The 12 mm-diameter orbital implant was inserted and the four4 rectus muscles were sutured together to the central portion firmly with 6-0 black silk over the implant. Tenon's capsule and the conjunctiva were sutured in continuous fashion. Daily antibiotic injection and dressing with antibiotic ophthalmic ointment were done postoperatively. Extraction of the orbital implant was performed according to the protocols and light microscopic examination was carried out.
Preparation of Specimens
Extracted Alumina tissue was washed in running water for 2 hours and dehydrated twice in 70, 80, 90, and 100% Table 1 . Grading of fibrovascular tissue maturation alcohol for 1 hour. This process was carried out in the refrigerator under thermostatic control at 4℃. After metathesis in propylene oxide for 24 hours twice, sedimentation was done in 1:1 and 2:1 compounds of epon mixture and propylene oxide for 24 hours. The vacuum operation was performed repeatedly (at least 5 times) until the epon mixture absorbed to the specimens completely and then the specimens were stored at 35℃, and 45℃ for 24 hours. All specimens were fixated at 60℃ for more than 4 days in 70% ethanol solution. We used specific cutter (Accutom-50, Rotopol-35, Struers
Co. Denmark) because the Alumina sphere is not weakened with mollification or decalcification. The 70 µm-thick sliced specimens were grinded to less than 50 µm thickness with diamond wheel. The HAp sphere specimens were fixated in 10% formalin for 24 hours, decalcified, and embedded in paraffin. The Alumina sphere specimens were stained with toluidine blue and the HAp specimens stained with hematoxylin and eosin.
Analysis of Fibrovascularization
Fibrovascular ingrowth was graded from one to five, with each grade being defined as 20% depth of fibrovascular tissue penetration from the margin to center (Fig. 2) .
As the granulation tissue became matured with fibrovascular ingrowth, it showed less tissue edema and inflammatory cells and more fibrosis with time. Fibrovascular tissue maturation was graded from 1-5 (Table  1 ). Grade 1: young granular tissue, demonstrating severe tissue edema, infiltration of acute inflammatory cells, barely developed capillaries and fibroblasts. Grade 2: welldeveloped capillaries, decreasing tissue edema with chronic inflammatory cell infiltration and increased number of fibroblasts. Grade 3: further development of capillaries and appearance of collagen fibers owing to the excessive development of fibroblasts. Grade 4: capillaries start to decrease, tissue edema is rarely seen, and collagen fiber development is remarkable. Grade 5: all the granulation tissue is substituted by the collagen fibers (Figs. 3, 4) .
Four phases were defined according to the as following definition. Phase 1 was defined as postoperative one to two weeks, phase 2 as postoperative three to four weeks, phase 3 as postoperative eight to twelve weeks, and phase 4 as postoperative twenty-four weeks. Data was analyzed by Fisher's exact test with statistical significance set at p<0.05.
RESULTS
In Alumina sphere, fibrovascular proliferation appeared in all the 1-week specimens, average grade of fibrovascular ingrowth was grade 1 and maturation grade was also grade 1 ( Fig. 5) . At 2 weeks, specimens-showed grade 2 fibrovascular ingrowth and grade 1 fibrovascular maturation (Fig.  6 ). While rapid progress in fibrovascular ingrowth was seen in the 3-week specimens, showing grade 5 in two of the five specimens, fibrovascular maturation grade remained grade 1 in all specimens except one (Fig. 7) . Uniform fibrovascular ingrowth through the center was seen in three of the five specimens, averaging grade 4 at 4 weeks. However, fibrovascular maturation grade was still grade 1. At 8 weeks, uniform fibrovascular ingrowth from the margin to the center was seen in all specimens and four of five had grade 3 fibrovascular maturation (collagen fibers started to appear). Average fibrovascular ingrowth was grade 5 at 12 weeks and fibrovascular maturation was grade 5 in three of the five specimens. Fibrovascular ingrowth and maturation had reached grade 5 in all the 24-week specimens (Table 2 ).
In the HAp sphere, the 1-week specimens showed grade 1 fibrovascular ingrowth and maturation (Fig. 8) . At 2 weeks, rapid progress in fibrovascular ingrowth to grade 3 and maturation to grade 2.5 was seen (Fig 9) . From 3 to 12 weeks, some specimens started to show fibrovascular maturation grade 5, and at 24 weeks all specimens were grade 5 maturation (Fig. 10, Table 3 ).
Fibrovascular ingrowth appeared in all 1-week specimens and average fibrovascular ingrowth was grade 1 in both groups. At 3 weeks, both groups showed more rapid fibrovascular ingrowth than at 2 weeks. Fibrovascular ingrowth was grade 4 in the Alumina sphere and grade 5 in the HAp sphere. All specimens of Alumina sphere of 8 to 24 weeks showed uniform fibrovascular ingrowth from the margin to the center (grade 5).
Grade 1 fibrovascular maturation was demonstrated in both the Alumina and HAp spheres at 1 week. Average fibrovascular maturation grade at 2 weeks was 1.4 in the Alumina sphere and 3 in the HAp sphere. All of the Alumina spheres at 3 weeks showed grade 1 fibrovascular maturation except 1 specimen, while the HAp sphere showed rapid fibrovascular maturation to grade 5. No change in fibrovascular maturation was seen in the Alumina sphere until 4 weeks, but rapid fibrovascular maturation averaging grade 4.4 was achieved by 12 weeks. Fibrovascular maturation was completed to grade 5 in the Alumina spheres at 24 weeks. In phase I (acute phase), fibrovascular ingrowth and maturation differed among each specimen ranging from grade 1-3, but there was no statistically significant difference in grades between the experimental and control groups (p>0.05). In phase II (subacute phase), fibrovascular ingrowth progressed to grade 4-5, while there was a variable range of maturation grade from 1-4. No significant difference in fibrovascular ingrowth was present between the two groups, but the maturation grade was significantly lower in the Alumina sphere than in the HAp sphere (p<0.05). Phase III (chronic phase) specimens started to show completed fibrovascular ingrowth and maturation, and the extent was not significantly different between the two groups (p>0.05). Completion of the fibrovascular ingrowth and maturation was seen in all specimens of both groups in phase IV (residual phase).
DISCUSSION
Various orbital implants to maintain the proper orbital volume and to improve the motility of the prosthesis have been reported. The most commonly used orbital implants are natural HAp spheres, which have excellent fibrovascular ingrowth and biocompatibility. However, they are expensive, must be imported. and can disrupt the marine ecosystem. There is a consequent need to develop new synthetic Table 3 . Grades of fibrovascular maturation of both the HAp-coated alumina sphere and the HAp sphere materials to substitute for the HAp sphere. [9] [10] Various synthetic HAp spheres of more economic cost have been developed, but they were heavier and had lower pore size consistency and poorer intertrabecular connections than HAp spheres. They were reported to have no advantage over natural HAp spheres in fibrovascularization. [11] [12] Karesh and Dresner used high density porous polyethylene (Medpor ® , Porex Surgical Inc., USA) as the orbital implant material, which displayed fibrovascularization similar to the HAp spheres, fewer complications such as migration and exposure, and is commonly used nowadays. Nevertheless, porous polyethylene is also a high-cost import like the HAp spheres. Jordan et al 13 have used spheric orbital implants (FCO Ophthalmics, Inc., France) made of alumina (aluminium oxide, Al 2 O 3 ), which is commonly used as the bony substitute in the fields of orthopedics, dentistry, and otolaryngorhinology. They applied alumina in animal study and reported it to have similar biocompatibility and stability to the HAp spheres.
13-14
The alumina, used as the component of the HAp-coated alumina spheres in this study, is distinguished from metal aluminium. Metal aluminium is the microelement existing in living organisms and the environment. A normal person digests about 2.5 mg of aluminium daily, absorbs it in the digestive system and excretes it through the kidneys. In patients with chronic renal failure, excessive aluminium can be accumulated in the brain and bone, causing problems. Ceramic alumina is chemically very stable, doesn't emit aluminium ions and doesn't cause problems in vivo. 15 Alumina is the oxidated chemical of metal aluminium, has high inactivity and low tendency to cause inflammation in vivo, and is not biodegraded in vivo. 16 Alumina readily binds protein molecules and forms a membrane to avoid the immune response. Labat et al 17 reported that alumina has the superiority of more rapid proliferation of osteoblasts and fibroblasts than HAp spheres, and greater resistance from infection than porous polyethylenes. Besides biocompatibility, the most important factor to be considered in selecting an orbital implant is rapid fibrovascularization to decrease the complications such as displacement, exposure and prolapse of the implants. The size and distribution of the pores in implants determine the rapidity of fibrovascular ingrowth. To a point, larger pore size, allows faster fibrovascularization, but at pore sizes above 700 µm, fibrovascular ingrowth is sluggish due to insufficient supporting structures, fragility increases due to decreased intensity and infection risk is high through the large pores. [18] [19] [20] On the other hand, at pore sizes under 150 µm, the smooth surface decreases the abrasion of the overlying muscles, conjunctiva and Tenon's capsule, and exposure and prolapse of the implant occurs less frequently. There is the additional benefit of less opportunity of infection by AIDS or hepatitis virus because donor sclera or fascia is not necessary to cover the rough surface of the implants. However, small pore size can be a barrier to fibrovascularization. 20 HAp has been known to promote tissue ingrowth and has been used as a bone graft substitutes. Many clinical reports support the advantages of HAp coatings including increased osteoconductive potential, and stronger bond to host bones. These benefits have led many orthopedic surgeons and dentists to use HAp-coated prostheses exclusively. However, the effect of HAp on fibroblasts, unlike that on osteoblasts,
is not yet established. The HAp-coated porous alumina used in this study was manufactured to combine the merits of alumina and natural HAp, by maintaining the basic structure of alumina, yet add the excellent biocompatibility of HAp. Additional advantages of this implant are consistency in pore size and shape, excellent intertrabecular connections, high intensity, low body weight and manageableness. Besides, long-term follow up has demonstrated it to be economical and less biodegradable. 20 Jordan et al 21 reported that 12mm-diameter alumina sphere has more consistent pore size and weighs less than the HAp sphere of the same diameter. Magnetic resonance imaging, in vivo vascularization studies demonstrated enhancement of the implant to its center by 4 weeks after implantation in the rabbit. Histopathologically, fibrovascularization occurred uniformly throughout the implant by 4 weeks and cultured human fibroblasts grew more rapidly in the alumina sphere.
12,22
The pore size and distribution of the implant are thought to be the important factors for fibrovascular ingrowth. In this study, the pore size of the Alumina sphere was more consistent and larger 500-600 µm in diameter than that of the HAp sphere at 300-500 µm. Fibrovascular tissue maturation was significantly slower in the alumina sphere than the HAp sphere at 3-4 weeks (p<0.05), but rapid maturation was achieved by 12 weeks. We think that the slow maturation at 3-4 weeks was possibly influenced by numerous variables such as surgical technique, and the structural and biochemical nature of HAp-coated alumina. This study had the limitation of the small sample size of the HAp sphere, and further research will therefore be required for clinical application.
Alumina sphere is an economically priced domestic product, and has the additional merits of high intensity, low body weight, and no biodegradability. The Alumina sphere demonstrated similar fibrovascular ingrowth to the HAp sphere, although slightly delayed, and had similar fibrovascular maturation to the HAp sphere. We suggest that the Alumina sphere has the potential to be an ideal orbital implant in clinical practice.
